INTRODUCTION
The determination of ferrous iron (Fe 2+ ) in rock and mineral samples is important for geochemical and petrological investigations. The Fe 2+ determination is often used together with the total iron determination to find the ferrous/ferric (Fe 2+ /Fe 3+ ) ratio of a sample. It is vital that both determinations are accurate if the Fe 3+ content of a sample is obtained by deducting the ferrous iron from the total iron (Fe (ot ) -both expressed as Fe 2 O r The determination of total iron is reliable. Fe is usually determined by X-ray fluorescence spectroscopy, atomic absorption spectroscopy or plasma-atomic emission spectrometry. The methods for determining ferrous iron can be divided into two principal types. In the first, decomposition is carried out by a boiling sulphuric-hydrofluoric acid mixture in a covered platinum crucible and the released Fe 2+ is determined in the later step. In the other method, the Fe(II) ions are oxidized upon release by an oxidizing agent present in excess during the decomposition of the sample and the excess then determined (Johnson and Maxwell 1981) . Ferrous iron in the solution is measured by volumetric, spectrophotometric, polarographic or ion chromatographic methods (Rice 1982 , Bruce etal. 1987 , Kiss 1987 , Moore 1979 , Kanai 1990 ).
In the laboratory of the Geological Survey of Finland a precise, accurate and fast method is needed to analyze large batches of samples. For this purpose we have compared the existing titration methods for analysis of ferrous iron for 13 in-house rock samples and 31 international geological samples. In Amonette & Scott's method and in Wilson's method the decomposition of the sample is conducted in the presence of an oxidizing agent (Amonette and Scott 1990 , Wilson 1955 , Whipple 1974 . In Pratt's method no oxidizing agent is used during the decomposition (Maxwell 1968 (Govindaraju 1989) .
EXPERIMENTAL

Amonette and Scott's method
The sample was decomposed by the mixture of sulfuric and hydrofluoric acids containing a known amount of vanadium pentoxide in the tightly closed polypropylene bottle at 60°C for 4 hours. Standardized ferrous ammonium sulphate was added, and the excess of the Fe(II) was titrated with standardized ammonium metavanadate. The rapid additions of redox reagents were made using manual dispensers and the quantification of these additions was made by gravimetry. The same bottle was used throughout the entire process (Amonette & Scott 1991) .
The procedure was as follows: 0.1-0.2 g of the powdered rock sample was weighed into a 150 ml polypropylene bottle. The bottle was tared, 20 ml 0.030 M NH 4 V0 3 in 4.5 M H 2 S0 4 (standardized with ferrous ethylenediammonium sulphate) was added and the bottle was reweighed. Five 5 ml 38% HF was added and the bottle was tightly closed and put in a 60°C water bath. The decomposition time was 4 hours. The bottle was let to cool to room temperature and the outside of the bottle was dried with a paper towel. Twenty ml 5% boric acid solution and 20 ml 3.7 M H 3 P0 4 was added. The bottle was tared, 20 ml 0.0310 M Fe(NH 4 ) 2 (S0 4 ) 2 in 4.5 M H 2 S0 4 was added and the bottle was reweighed. The excess of the Fe(II) was titrated with standardized 0.030 M NH 4 VO, solution to a violet color using 0.2% Ba-diphenylamine sulphonate solution as indicator. The densities of the Fe(II) and V(V) solutions were determined by weighing in a tared 100 ml volumetric bottle.
Wilson's method
The sample was decomposed by hydrofluoric acid containing a known amount of vanadium pentoxide in the covered (not tightly) polypropylene bottle at room temperature overnight. The addition of ferrous ammonium sulphate was made and the excess of Fe(II) was titrated with potassium dichromate (Wilson 1955 , Whipple 1974 .
The procedure was as follows: 0. 1-0.2 g of the powdered rock sample was weighed into a 150 ml polypropylene bottle. Exactly 5 ml 1 N NH 4 V0 3 solution and about 10 ml 38% HF was added. The covered bottle (not tightly) was allowed to stand overnight. 10 ml of the H,S0 4 : H 3 P0 4 : H 2 0 mixture (1: 2: 2) was added and the contents of the bottle were then poured into 100 ml of 5% boric acid solution in a 400 ml beaker. The bottle was rinsed with an additional 100 ml of boric acid solution. Exactly 10 ml 0.05 N Fe(NH 4 ) 2 (S0 4 ) 2 solution was added. The excess of the Fe(II) was titrated with 0.05 N K,Cr,O v solution (standardized with ferrous ammonium sulphate) to a violet color using 0.2% Ba-diphenylamine sulphonate as indicator.
Pratt's method
The sample was decomposed by a mixture of boiling sulfuric and hydrofluoric acid in a covered platinum crucible at atmospheric pressure with air excluded by steam. The released Fe(II) was titrated with potassium dichromate (Maxwell 1968) .
The procedure was as follows: 0.3 -0.5 g of the powdered rock sample was weighed into a 30 ml platinum crucible and 10 ml 6 M H 2 S0 4 was added. The covered crucible was placed onto the sand bath at 100°C and the contents of the crucible were boiled for two minutes. 10 ml 38% HF was added and the contents were boiled for ten minutes. 50 ml 5% boric acid solution, 50 ml 6 M H,S0 4 and 40 ml 9 M H 3 P0 4 were added to 400 ml H ,0 in a 600 ml beaker. The crucible was immersed below the surface of the acid solution. The Fe(II) was titrated with 0.05 N K,Cr 2 0 7 solution (standardized with ferrous ammonium sulphate) to a violet color using 0.2% barium diphenylamine sulphonate as indicator. If any dark undecomposed residue was left, the procedure described was repeated.
RESULTS AND DISCUSSION
Precision and accuracy
The precision of the three volumetric methods was evaluated from the results by 10 re-determinations of in-house rock samples RS 101, RS 81 and RS 31 ( Scott' s method for international geological reference samples were almost all higher (except for the sample NIM-P) compared to the values in the literature ( Table 2 ).
The agreement of our FeO with the values in the literature was excellent (± 0-3%) for 7 samples, good (± 3-10%) for 10 samples, reasonable (± 10-20%) for 4 samples and poor (> 20 %) for 10 samples.
The agreement of our FeO values determined by
Wilson's method with the values in the literature was excellent (± 0-3%) for 14 samples, good (± 3-10%) for 7 samples, reasonable (+ 10-20%) for 3 samples and poor (> 20 %) for 7 samples ( Table 2 ).
Pratt's method with the values in the literature was excellent + 0-3 %) for 14 samples, good-(±3-10 %)
for 13 samples and reasonable (+ 10-20 %) for 4 samples ( Table 2) .
INTERFERENCES
The problems associated with the determination of the ferrous iron begin with the preparation of the sample. Atmospheric oxidation of ferrous to ferric iron and contamination of the sample from the grinding materials may occur during grinding of the sample (Sulcek and Povondra 1989, Whipple et al. 1984) . In Amonette & Scott's and in Wilson's procedure the aerial oxidation of ferrous iron during decomposition of the sample is eliminated by immediate oxidation of ferrous ions by a known amount of vanadium pentoxide (Amonette & Scott 1991 , Wilson 1955 , Whipple 1974 . In Pratt's procedure the air is excluded by steam during the decomposition of the sample (Maxwell 1968) . It was not possible to study these complications in the present work.
The three methods used for FeO determination may involve some other sources of error causing high or low ferrous values. The erroneous results for the FeO concentration in the sample may result from:
(A) The sulphur(II) in soluble sulphide minerals in a sample will reduce some of the Fe(III) present. This may result in a high Fe(II) value. This interference will be greater if acid decomposition is carried out in the closed system (Tables 1 and 2 (Table 1) and for samples SGR-1 and GXR-1 (Table 2) in the present work. In Pratt's procedure most of the soluble S(II) is lost as hydrogen sulfide gas during the acid decomposition in the platinum crucible.
(B) Some iron-bearing minerals are refractory, e.g., chromite, magnetite, ilmenite, tourmaline, some garnets and staurolite. They dissolve slowly or not at all in three procedures in the present work. In Amonette & Scott's method it is possible for some refractory minerals to stand up to 24 hours at 60°C and in Wilson's method to several days at room temperature (Amonette & Scott 1991 , Wilson 1955 , Whipple 1974 . Prolonged boiling in hydrofluoric acid may dissolve more of these minerals in Pratt's procedure; however, hot sulphuric acid promotes oxidation of Fe 2+ (Johnson and Maxwell 1981) .
Samples NIM-P and NIM-D (Table 2) contain chromite (Sulcek and Povondra 1989) .
(C) Other species cause oxidation or reduction of iron during the decomposition of the sample. Elements that are present in the sample in lower oxidation states, e.g., vanadium(II), titanium(III) and tungsten(III), cause high results for ferrous iron because they either reduce any iron(III) that is released during the sample decomposition or because they are also oxidized by the vanadium pentoxide and the potassium dichromate. Elements that are present in upper oxidation states, e.g., manganese(IV) and vanadium( V), cause low results. Most organic substances may reduce the titration solution and cause considerable errors. Metallic iron, if introduced into the sample during the grinding process, causes high results for ferrous iron, because it is converted to ferrous sulphate during the sample decomposition (Johnson and Maxwell 1981, Sulcek and Povondra 1989) .
CONCLUSIONS
In the determination of ferrous iron the analysis technique generally has less influence on the apparent speciation than does the sample matrix. The volumetric methos used in the present work are applicable to determination of Fe(II) concentration in many rock and mineral samples, if the samples are acid soluble. Some components in the sample matrix cause interference and it seems that Amonette & Scott's method and Wilson's method are not accurate in the presence of sulphide minerals, which are attached by the used acid mixtures. It is difficult to explain the reason for some differences between the Fe(II) values by the three volumetric methods and the values in the literature. For unknown samples the most reliable of the methods studied is Pratt's method.
